between subsurface drainage P and soil P. Results from routine analysis of STP, such as BP, OP, and Mehlich-3 P (M3P) that are used to predict P suffi ciency for crops are included in most P indices, although other soil P tests sometimes correlate as well or better with P loss from fi elds (Pote et al., 1996; Kleinman and Sharpley, 2002; Maguire and Sims, 2002; . Soil P tests can also be used to understand or help predict P transport in tile drained fi elds.
Phosphorus transport and loss to tile drains is infl uenced by several soil physical and chemical properties (including soil P concentration), water fl ow, and water P concentration. Vertical subsurface P transport to tile drains is well documented (Sawhney, 1977; Howse et al., 1997; Beauchemin et al., 1998; Jensen et al., 1998; Djodjic et al., 1999) where P loss ranged from inconsequential to excessive, mainly via preferential fl ow paths through soil cracks or large pore spaces. Nelson and Parsons (2007) suggested that lateral and vertical leaching processes should be considered separately to better evaluate the contribution of P leaching to surface waters. Little research has focused on lateral P transport through subsoil (Mulholland et al., 1990; Bolland and Gilkes, 1998) , however, and studies of shallow lateral P fl ow oft en have included overland fl ow. Phosphorus defi cient subsoil could fi lter out solution P by precipitation and/or adsorption reactions with various soil constituents, mainly calcium carbonates (CaCO 3 ) and Fe and Al oxides. Bolland and Gilkes (1998) reported signifi cant lateral leaching of P following superphosphate additions to a fi eld in southwestern Australia with sandy topsoil over a slowly permeable subsoil, but no P leaching for another soil with a moderate capacity to adsorb P. In a Tennessee forested watershed, Mulholland et al. (1990) reported signifi cant lateral fl ow with high antecedent soil moisture and rainfall but preferential fl ow followed largely vertical pathways (especially for less intense storm events), indicating preferential pathways for transport of P in a given soil can change depending on specifi c hydrologic conditions. Th e same study also reported that preferential fl ow along shallow paths resulted in decreased concentrations of soluble reactive P compared with that from deeper preferential fl ow paths with equivalent runoff volumes, suggesting subsoil might be a less eff ective P sink in some instances. In fi elds containing subsurface tile drains, lateral P transport could be increased as suggested in the aforementioned fi ndings.
Major areas of the North Central region of the USA have fi elds with subsurface tile drains. In Iowa, for example, there are 3,155,000 tile-drained ha, which represents approximately 33% of the state row-crop area, and 1,287,000 km of tile drainage lines (Dinnes, 2004) . In areas with subsurface tile drains, horizontal subsurface fl ow to tile lines is a prominent pathway of subsurface fl ow within the saturated zone (Smedema et al., 2004) . Th erefore, more information is needed concerning subsurface lateral P movement and the potential of subsoil to reduce the loss of P in tile drainage. Th is information is necessary to maximize the eff ectiveness of comprehensive tools such as the P index to assess the risk of P delivery from fi elds to water resources. Th erefore, the objective of this fi eld study was to assess the lateral movement of a concentrated P solution through a typical Iowa subsoil and the subsequent P transport to subsurface tile drainage.
MATERIALS AND METHODS
Lateral P movement through subsoil toward tile drainage was assessed in an Iowa fi eld during June through September 2002. Th e experimental site was located at the Iowa State University Agronomy and Agricultural Engineering Research Center located in Boone County. Soil at the fi eld site was Clarion (fi ne-loamy, mixed, superactive, mesic Typic Hapludolls), which occupies 0.92 million ha in a region extending from south-central Iowa to central Minnesota (USDA-NRCS, 2004) . Clay tiles (10-cm diam.) had been installed at least 8 yr before the study (accurate records before 1996 were not available), to a target depth of 1.0 m below the soil surface, and spaced 36.6 m apart across the fi eld. Corn (Zea mays L.) was planted in April 2002, and had been managed with continuous corn and chisel plow/ disk tillage since 1996. No fertilizer or amendment other than inorganic N had been applied to the fi eld since April 1996, when lime was applied at a rate of 14,570 kg ha -1 .
Two trenches (each 6 m long, 0.18 m wide, and 1.07 m deep) were excavated parallel to and 3 m from the existing 10-cm diam. clay tile drain line that was 1.0 m below the soil surface. Th e site layout is shown in Fig. 1 . A trenching machine was used to excavate each trench aft er which fl exible, perforated drainage tubing (10-cm i.d. and 6-mm wall thickness) was placed lengthwise in the bottom of each trench with roughly 0.60 m of tubing exposed vertically above ground level at each end of the trench. Th is tubing served to distribute a uniform fl ow of ponded water from the trench bottom in the case of a cave-in of the trench wall, though no cave-in was observed during the duration of the experiment. A stilling well and fl oat switch assembly were placed in each trench. Each stilling well consisted of a 1.2-m length of PVC pipe (0.30-m diam.) fi xed vertically between the trench walls. Float switch assemblies were adapted from the type used for livestock watering and were attached to a 1.8-m length of 1.26-cm diam. metal rod. Th is assembly was placed in the stilling well, driven into the soil, and could be manipulated vertically to adjust the level of ponded water in each trench. To accommodate and isolate the drainage from each trench, the tile line was breached roughly 15 m from the drain sump and a 5-cm diam. PVC pipe was inserted inside the existing 10-cm diam. clay tile line. Th e breach was sealed to keep the drainage fl ows from each trench isolated from one another. Th is arrangement allowed subsurface drainage from Trench 1 to be transported to the sump in the 10-cm diam. tile line, while that from Trench 2 was transported in the 5-cm diam. PVC pipe. Th e source water used to fi ll each trench was subsurface tile drainage from a local watershed collected in a large sump, which was sampled daily from July 2 to July 8, averaged 0.006 mg P L -1 , and ranged from below detectable limit to 0.019 mg P L -1 . Th is water was transported 0.4 km to the study area daily in a 1893-L water tank and deposited into a 3785-L water holding tank, from which water was ponded continuously in each trench. Th e infl ow rate of water to the trench equaled the rate of tile water outfl ow aft er 12 d of continuous ponding, which included 2.4 cm of natural rainfall that occurred midterm over a 3-d period. A solution containing 8.7 mg P L -1 and 98 mg Br -L -1 tracer was then added to the trenches as needed to maintain the trench fl ooded to a 0.6-m depth. Th e P and Br -solution was prepared by dissolving KH 2 PO 4 and KBr (Fisher Scientifi c, Pittsburgh, PA) in an appropriate volume of the same water used to fi ll the trench. Th e Br -tracer was used to estimate water fl ow because it is not retained in signifi cant amounts by soil (Bowman, 1984) . A 5-cm diam. hose was used to add the solution to one end of the trench while simultaneously pumping existing ponded water from the opposite end to minimize mixing of the solution with ponded water. Addition of the P and Br -solution continued for 18 d, aft er which a P only solution was added for another 7 d.
Vertical monitoring wells (three per trench) constructed of 1.26-cm diam. PVC pipe were installed equidistant to the trench and tile line to a depth of 2.4 m (Fig. 1) to measure the water table depth daily by inserting a 1.0-cm diam. hose down each well while forcing air through the exposed end until the sound of air bubbling into the water could be heard. Th e insertion depth of the hose below the soil surface was then recorded. Th e fl ow rate at each tile line outlet was measured at least once daily, calculated as volume of discharge divided by duration of time.
Tile drain water grab samples were collected twice daily (morning and evening) from each trench. Aft er ponding ceased, one grab sample per day was collected from each trench for the next 34 d. Water samples from each monitoring well were collected daily immediately following each water table depth measurement using a hand-operated vacuum pump connected to plastic tubing that was inserted into the well. All water samples were collected in 125-mL plastic bottles, stored at 4°C, and analyzed colorimetrically to determine DRP (Murphy and Riley, 1962) and Br -(APHA, 1998) (Lachat QuiKChem 8000, Milwaukee, WI) concentrations.
Vertical and horizontal subsoil samples were collected 40-d aft er ponding ceased, allowing each trench to drain. A series of vertical cores (22 per trench) were collected to a depth of 1.20 m from the area between each trench and tile drain (Fig. 1) . Th e surface 0.60 m of the soil cores was discarded. Table 1 shows initial properties for the subsoil layers sampled. Th e 0.60-to 1.20-m depth of each soil core was cut into 0.15-m depth increments for further analysis. Also, six 0.25-m length horizontal subsoil cores (three per trench) were collected from the face of each trench closest to the tile drain at a 0.69-m depth below the soil surface. Th ese horizontal cores were spaced 1.5 m along to the long axis of the trench, and each core was cut into fi ve 5-cm sections for separate analysis. Subsoil samples were oven-dried at 65°C and crushed to pass through a 2-mm sieve. All samples were analyzed for BP, OP, and pH. Additionally, CaCO 3 , soil P saturation, and Mehlich-3 extractable P, Fe, Al, and Ca were measured in all samples taken from the six vertical cores taken inline with monitoring wells as shown in Fig. 1 . Soil particle size composition was measured (Day, 1965) on composite samples from these samples for each trench and sampling depth. All chemical tests were conducted in duplicate subsamples. Th e BP, M3P, and OP were measured following procedures described by Frank et al. (1998) using a colorimetric determination based on the method developed by Murphy and Riley (1962) . Mehlich-3 extractable Fe, Ca, and Al were measured by atomic absorption spectroscopy. Soil P saturation (M3sat) was calculated by dividing M3P (mmol kg -1 ) by Mehlich-3 extractable Fe plus Al (mmol kg -1 ) and multiplying by 100 (Khiari et al., 2000) . Soil pH was determined with a pH meter in a 1:1 soil/water ratio suspension (Watson and Brown, 1998) . Calcium carbonate was determined using the pressure calcimeter method (Sherrod et al., 2002) . Statistics provided for water, Br -, and P fl ow over time from each of the two trenches to the tile drain are standard errors (SE) of the mean for 5 to 10 observations made during several consecutive 5-d periods. Th e relationships between STP (BP or OP) concentration or M3sat in subsoil vs. distance from each trench wall were described by fi tting a linear model or an exponential model decreasing asymptotically to a minimum using procedures included in SigmaPlot Version 11.0 soft ware (Systat Soft ware, Inc., Chicago, IL). Th e exponential model is shown only when its residual sums of squares was signifi cantly smaller (P ≤ 0.05) than for a linear model. Standard error of the mean was calculated for each distance/depth sampling position and is shown in appropriate fi gures.
RESULTS AND DISCUSSION

Phosphorus in Tile Drain Water
Once steady-state conditions were met (i.e., infl ow rate of water added to the trench equaled tile water outfl ow), tile line outfl ow during ponding averaged 2.0 and 2.8 L min -1 for Trenches 1 and 2, respectively (Fig. 2) . Estimates of saturated hydraulic conductivity (not shown) based on subsoil texture alone were greater for Trench 1 than Trench 2. Th e outfl ow diff erence might be explained in part by dissimilar hydraulic gradients, as the relative elevation of ponded water to the tile line was 1.1 times higher in Trench 2 than Trench 1, or due to other subsoil properties that were not measured. Natural rainfall that occurred during three separate days of the ponding period caused sudden, although short-lived, increases in tile fl ow. Th e cumulative water loss was higher from Trench 2 than for Trench 1 (Fig. 3) .
Tile drainage data indicated that most of the added 98 mg L -1 Br -solution reached the tile, as maximum Brconcentrations were 83 and 97 mg L -1 for Trenches 1 and 2, respectively (Fig. 2) . Additionally, a total of 10.07 kg of the 13.10 kg Br -added was recovered in tile drain water from the two trenches, accounting for 77% of Br -losses (Fig. 3) . Th e Brconcentrations in tiles increased continually from the time when it was part of the ponded solution until it was no longer added to the solution (Fig. 2) . At this point the Br -concentrations in tile drainage declined steadily to about 25 mg L -1 when ponding stopped. Th e lower Br -concentrations and loss in Trench 1 mirror trends for fl ow and could also be partially explained by its lower hydraulic gradient or unmeasured subsoil properties. Trends for Br -concentrations from monitoring wells located between the trench and tile drain were generally similar to those of Br -concentrations for the tile outfl ow (Fig. 4) . One exception was immediately following the discontinuance of Br -additions to trenches, when Br -concentrations in the monitoring wells declined more abruptly than those in tile fl ow. Th is is most likely explained by the delay in time required for the trench solution to traverse the additional 1.5-m distance from the monitoring well to the tile drain.
Th e highest P concentration measured in tile water was 0.13 and 0.035 mg L -1 from Trenches 1 and 2, respectively, compared with average background concentration of 0.01 mg P L -1 (Fig. 2) . Only 0.0062 kg of the 1.65 kg P added to both trenches (0.38%) was recovered in tile drain water, compared with 77% of Br -recovered (Fig. 3) . Th e P concentration in tile from Trench 1 increased until the P addition stopped (maximum at 0.13 mg L -1 ), and then decreased to about 0.014 mg P L -1 by the end of the evaluation period. However, tile P concentrations from Trench 2 showed no clear trend over time, were highly variable, and did not exceed 0.035 mg P L -1 . Furthermore, the average concentration of 0.011 mg P L -1 from the time when P was added to the trench until ponding stopped was only slightly greater than the 0.008 mg P L -1 average for the 7-d period when only water was ponded. Although tile fl ow was greater in Trench 2, P concentrations and loss were greater in Trench 1. Th e greater fi ltering effi ciency of Trench 2 might be explained by its greater proportion of clay in three of four sampling depths, greater amount of extractable Al (2.6 times greater concentration than Trench 1), and lower pH (Table 1) as P sorption is greater for fi ne textures and sorption to Fe and Al oxides is inversely related to pH. Th e DRP concentrations from the monitoring wells (Fig. 4) were considerably greater than those from tile drainage (Fig. 2) , indicating progressive fi ltering of P between the monitoring wells and the tile drain. Results for P concentration and amounts in tile water indicated that little P reached the tiles during the course of this experiment, which confi rms the importance of considering lateral P transport to surface waters under diff erent fi eld conditions (Smedema et al., 2004; Nelson and Parsons, 2007) .
Subsoil Phosphorus Concentrations
Th e P concentrations in subsoil generally decreased as the distance from the trench wall increased (Fig. 5) . Th e data points in the graphs represent means across samples analyzed from all vertical and horizontal subsoil cores. At the shallowest subsoil sampling depth (0.60-0.75 m), OP was 23 and 42 mg P kg -1 for the position nearest to the walls of Trench 1 and Trench 2, respectively, and decreased exponentially to a background level of about 2 mg P kg -1 at a distance of about 0.75 m. At deeper depths, the OP levels were lower but there were exponential decreases to about 1-to 1.5-m distance in both trenches, except for the 0.75-to 0.90-cm depth in Trench 2 where the decreasing trend was not signifi cant at P ≤ 0.05. Results for BP in Trench 2 were similar to results for OP (Fig. 5) , which could be explained in part by the lower pH in Trench 2 than in Trench 1 (Table 1) , where the BP extractant is more susceptible to neutralization at a higher pH. At the shallowest sampling depth (0.60-0.75 m), BP was 39 mg P kg -1 for the position nearest to the wall of Trench 2 and decreased exponentially to the background level at a distance of about 0.75 m, and there was no signifi cant trend for the 0.75-to 0.90-m sampling depth. In Trench 1, however, there was no signifi cant BP trend with distance for any sampling depth.
Higher OP and BP concentrations near the wall of Trench 2 supports greater P fi ltering than for Trench 1 as was previously suggested by its higher total tile fl ow but lower P concentration and loss ( Fig. 2 and 3) . Th e very low BP values near the wall of Trench 1 and oft en no signifi cant decrease with distance ( Fig. 5) can be explained by high CaCO 3 concentration neutralizing the acidic BP extractant. Iowa research has shown that BP underestimates extractable P in high-pH, calcareous soils . Subsoil P saturation in samples taken from a depth of 0.60 to 0.75 m decreased asymptotically with distance from the fl ooded trench wall (Fig. 6 ). For example, M3sat measured at 0.025 and 0.60 m distance decreased from 21 and 15% to 1.9 and 0.3% for Trench 1 and Trench 2, respectively. In spite of the higher STP for Trench 2 (Fig. 5) , the greater M3sat for Trench 1 can be attributed to its lower Al concentration (Table 1) . Th e M3sat is typically used to estimate P saturation in non-calcareous soil, though reported a signifi cant (P < 0.01; R 2 = 0.99) relationship between M3sat and DRP in surface runoff for a calcareous Harps soil (Typic Calciaquoll) with pH 8.0. Th e P saturation levels were very low, even at distances as close as 0.30 m from the trench wall, which is consistent with the low STP levels typical of most Iowa soils with a history of P application at rates recommended for optimal crop production (Karlen et al., 1991; Mallarino et al., 2002a; . Th e STP and soil P saturation levels found across the trench wall in our study are similar to values reported in previous studies of vertical P fl ow through the soil profi le (Sawhney, 1977; Howse et al., 1997; Beauchemin et al., 1998; Jensen et al., 1998; Djodjic et al., 1999) . Higher P saturation values were observed in other studies and are possible, however. Th erefore, continued P application at high rates may result in increased P concentration in upper subsoil layers, which would increase P saturation and eventually limit P sorption capacity and increase P transport to tile drainage through lateral fl ow.
CONCLUSIONS
Th is research showed that typical, P-defi cient Iowa subsoil can signifi cantly limit the lateral movement of P from a highly concentrated solution toward tile drains. Th e P concentration of the source water was 8.7 mg L -1 and the highest P concentration measured in tile water was 0.04 to 0.13 mg L -1 compared with average background P concentrations of 0.01 mg L -1 . On average, for depths of 0.60 to 1.20 m, OP was 33 mg kg -1 and decreased to a 2 mg kg -1 background P level at a distance of 1 to 1.5 m (a 91-95% decrease). Th erefore, the results showed that in agricultural fi elds having similar subsoil properties, the subsoil serves as a temporary fi ltering mechanism to reduce both the lateral P transport to tile drainage and the risk of P enrichment to surface water resources. Such a fi ltering capacity related to subsoil chemical and mineralogical properties could be considered in P risk assessment tools (such as a P index) to improve estimates of P loss from fi elds. However, the P retention capacity for this Iowa subsoil may not represent conditions in other regions and would decrease over time if continued P application increases subsoil P concentrations and decreases P sorption. 
